The extrapolation of finite-cluster calculations is used to examine groundstate properties of the one-dimensional Falicov-Kimball model with correlated hopping. It is shown that the correlated hopping strongly influences both the valence transitions and the conducting properties of the model and so it should not be neglected in the correct description of materials with correlated electrons. This is illustrated for two selected values of the Coulomb interaction that represent typical behavior of the model for small and intermediate (strong) interactions. In both cases the insulator-metal transitions (accompanied by continuous or discontinuous valence transitions) induced by correlated hopping are observed.
Introduction
Recent theoretical studies of the Falicov-Kimball model (FKM) [1] showed that although this model is relatively simple, it can yield the correct physics for describing rare-earth and transition metal compounds [2, 3] . The model is based on the coexistence of two different types of electronic states in given materials: localized, highly correlated ionic-like states and extended, uncorrelated, Bloch-like states. The Hamiltonian of the model is given by sum of three terms
The first term of (1) 
where L is the number of lattice sites. The last term stands for the localized f electrons whose sharp energy level is E f .
One can see, that the interaction term in the conventional FKM includes only the local interactions and all nonlocal interactions are neglected. It is interesting to ask, however, if these nonlocal interactions are really unimportant and can be neglected or not. The possible improvement of the conventional FKM, which take into account also nonlocal interactions between nearest neighbors, is so-called correlated hopping term that describes how the occupancy of f orbitals influences the hopping probability of d electrons:t
The importance of the correlated hopping term has already been mentioned by Hubbard [4] . Later Hirsch [5] pointed out that this term may be relevant in the explanation of superconducting properties of strongly correlated electrons. The effect of correlated hopping on the ground-state properties of the FKM has been examined recently by Gajek and Lemański in 1D [6] as well as Wojtkiewicz and Lemański in two dimensions [7] . The same subject has been studied in our previous papers [8, 9] .
Using finite-cluster diagonalization calculations we have showed that the picture of valence and metal-insulator transitions is dramatically changed if the term of correlated hopping is included. One of the most important results found for the onedimensional FKM with correlated hopping was that the correlated hopping can induce the insulator-metal transition, even in the half-filled band case n d = n f = 1/2 [9] , where the ground state of the conventional FKM is insulating for all Coulomb interactions [10] . In the present paper we go beyond this case and examine a more general point n d + n f = 1, that is the point of the special interest for valence and metal-insulator transitions caused by promotion of electrons from localized f orbitals (f n → f n−1 ) to the conduction band states.
Since in the spinless version of the FKM (1) with correlated hopping (2) the felectron occupation number f + i f i of each site i commutes with the Hamiltonian, the f -electron occupation number is a good quantum number, taking only two values: w i = 1 or 0, according to whether or not the site i is occupied by the localized f electron. Therefore the Hamiltonian of the FKM with correlated hopping can be rewritten as
where h ij (w) =t ij (w) + Uw i δ ij and
Thus for a given f -electron configuration w = {w 1 , w 2 , . . . , w L } the Hamiltonian (3) is the second-quantized version of the single-particle Hamiltonian h(w), so the investigation of the model (3) is reduced to the investigation of the spectrum of h for different configurations of f electrons. This can be performed exactly (over the full set of f -electron configurations) or approximatively (over the incomplete set, but still kipping the high precision of calculations). Here we adopt the second method since it allows us to treat several times larger lattices and so to minimize finite-size effects.
The method used in this paper to study effects of correlated hopping on groundstate properties of the FKM is a simple modification of the finite-cluster exactdiagonalization method. This method was used firstly by one of us to describe the ground-state phase diagram (in E f -U plane) of the conventional FKM in one and two dimensions [11] . It was shown that the method is able to reproduce satisfactorily the exact results even after a relatively small number of iterations for both, one and two dimensions. The method is relatively simple and consists of the following steps: we chose the case p max = 2 for the numerical calculations in the intermediate region.
Results and discussion
The main aim of this paper is to answer the question, how the correlated hopping influences ground-state properties of the one-dimensional FKM in the symmetric
In particular, the influence of t ′ on valence transitions and conducting properties of the model was studied. We present results for two selected values of the Coulomb repulsion interaction, namely U = 1 and U = 2. The value U = 1 represents the typical behavior of the system for weak interactions and the value U = 2 represents the behavior of the system for intermediate and strong
interactions. The ground states were studied exactly on the finite clusters consisting of L = 12, 16, 20 and 24 lattice sites, while for larger lattices (up to L = 120) the approximate method, discussed above, was used. It is well-known, that the f -electron density (n f ) for the symmetric FKM without correlated hopping is equal to 1/2 and the system is an insulator for all U > 0 [10] . It is interesting to ask, if the non-zero correlated hopping can change this picture.
To examine the influence of correlated hopping on the valence transition we have performed an exhaustive study of the model on finite clusters (up to L = 60) for t Moreover (ii) The mixtures of the alternating configuration (w a ) and the empty configuration (w 0 ).
(iii) The mixtures of the empty configuration (w 0 ) and some periodic configurations (w p ) (e.g. w (L=20) = {11101110000000000000}).
(iv) Around the boundary of two configuration types w A , w B mixtures w A &w B are observed.
The ground-state configurations for t ′ < t Unfortunately, we were not able to determine the type of transition (continuous or discontinuous) at t ′ ∼ −1. The finite-size effects near this transition point are still large, and so it was very difficult to do definite conclusions concerning the transition type. Our results only indicate that the transition at t ′ ∼ −1 is probably continuous.
The same procedure as for U = 1 has been used also for U = 2. As was mentioned above this value represents the typical behavior of the system for intermediate and (ii) The mixtures of the alternating configuration (w a ) and the fully occupied configurations (w 1 ) of different length.
(iii) The mixtures of the alternating configuration (w a ) and periodic configurations (w p ).
To calculate the energy gap for U = 2 the same procedure, the extrapolation of finite-cluster calculations (up to L = 120), was used. The extrapolated values of the energy gap are plotted in Fig. 7b as a function of t ′ . Comparing the energy gaps for U = 1 and U = 2 ( Fig. 6 and Fig. 7b ), one can see that they exhibit qualitatively same behaviors. In particular, there is the wide insulating region around t ′ = 0, two wide metallic regions (one for positive and one for negative t ′ ) and the insulating region below the metallic one for negative t ′ . On the other hand, the careful analysis showed one important difference between the case U = 1 and U = 2. Namely, for U = 2 and t ′ > 0 the system undergoes discontinuous insulator-metal transition from ∆ = U to ∆ = 0, while for U = 1 the system undergoes two discontinuous transitions 
